USA [19] . Strain TR3.2 T was isolated through serial dilutions of bioreactor-treated soil onto a modified version of the aerobic cultivation medium for Sulfuritalea hydrogenivorans [20] using a layer of oversprayed pyrene as a carbon source; this medium was also used to obtain the PAH-degrading bacterium 'Rugosibacter aromaticivorans' Ca6 [21] . Prior isolation attempts may have been hindered by the lack of required trace minerals or vitamins in the medium in addition to the slow growth of the organism. Subsequent tests of strain TR3. 2 T grown in the liquid isolation medium excluding various components indicated that the following medium components were required for maximum growth: 'reactor buffer' (5 mM NaÀK phosphate buffer, 5 mM NH 4 ; containing 5 mg cyanocobalamin in 100 ml distilled water, filter sterilized and added after autoclaving), to a final pH of 7.0. Carbon was added before autoclaving as either 0.02 % (w/v) pyrene dissolved in acetone to the flask, allowing the solvent to evaporate prior to adding other components, or as 0.2 % (w/v) sodium pyruvate. No growth at all occurred in the absence of MgSO 4 , CaCl 2 or trace element solutions, and reduced growth rates and cell density compared to the complete growth medium were observed when vitamin B12 was omitted from the medium. All subsequent tests used these five components (referred to as 'sRB2 medium') with sodium pyruvate as a carbon source unless otherwise noted. For solid medium ('sRB2-agar'), 1.5 % agar (Acros Organics) was added to liquid medium prior to autoclaving.
The optimal growth conditions of strain TR3.2 T in sRB2 medium with pyruvate as a carbon source were determined for a range of temperatures, pH and salinities. Optimal growth was defined as the maximum growth rate during the exponential growth phase as measured by turbidity at OD 600 with a HACH DR3000 spectrophotometer (Loveland). Optimal temperature for growth was determined in triplicate 5 ml cultures in liquid sRB2 medium at pH 7.0 and 225 r.p.m. for temperatures of 26, 28, 30, 32, 34, 35, 36 and 37 C. Additional temperatures were evaluated on solid sRB2 plates at 20 and 4 C. The effects of pH were tested in triplicate 5 ml tubes of sRB2 medium buffered to pH values of 5.0, 5.5, 6.0, 6.5 (buffered with MES, 50 mM), 7.0, 7.5, 8.0 (HEPES, 50 mM) and 8.5, 9.0 (Tris/HCl, 50 mM), which were incubated at 225 r.p.m. and 30 C. Salinity effects were determined using triplicate 5 ml cultures of sRB2, pH 7.0, incubated at 30 C and 225 r.p.m., amended with either 0, 0.25, 0.5, 1, 2, 3, 4 or 5 % (w/v) NaCl. The optimal temperature for growth was from 28 to 30 C, with obvious growth observed between 20 and 36 C. Strain TR3.2 T grew between pH 6.5 and 8.0 with an optimum at 7.0. No growth was observed at salt concentrations >1 %, and strain TR3.2 T had the highest growth rate with no amended NaCl in the medium. Under optimal conditions, inoculated tubes of strain TR3.2 T grew to turbidity in liquid culture with constant shaking at 225 r.p.m. in approximately 6 days, with a doubling time of 25 h. Colonies on sRB2 plates with pyruvate as a carbon source developed more slowly over a period of 2 weeks when incubated at 30 C.
The ability of TR3.2 T to grow under anaerobic conditions was assessed using the GasPak 100 system containing a GasPak EZ Anaerobe Container System sachet (BD Biosciences). Plates containing sRB2-agar and pyruvate were inoculated and sealed in the system according to manufacturer's directions. The system achieves an atmosphere of <1 % oxygen and !13 % carbon dioxide within 2.5 h. Anaerobic conditions after 48 h were confirmed by visual observation of an indicator strip soaked in 1 mM resazurin solution. Plates were incubated at 30 C with concurrent aerobic controls. TR3.2
T did not display growth in anaerobic conditions after 4 weeks. Unless otherwise noted, all subsequent tests of TR3.2 T occurred at 30 C, pH 7.0 and 0 % salinity under aerobic conditions. Liquid cultures were additionally incubated with constant shaking at 225 r.p.m.
The cellular morphology of strain TR3.2 T was investigated using scanning electron microscopy. For the preparation of samples, cells were grown in liquid sRB2 with pyruvate as a carbon source. Specimens were observed and images taken using a Zeiss Supra 25 FESEM operating at 5 kV, 5 mm working distance and 10 µm aperture (Carl Zeiss SMT). Average sizes were determined from digital micrographs of single, well-distinguished cells. Strain TR3.2 T cells were coccobacilli with an average size of 0.56±0.08 µm by 0.35 ±0.02 µm (n=100 cells). Cells appeared slightly wrinkled, generally as singles or doubles, with no obvious extracellular features (Fig. 1) . Gram staining performed using the standard reaction and light microscopy indicated strain TR3.2 T was Gram-type negative. Cellular motility was tested using sRB2-agar stab-tubes with agar added at 0.3 % (w/v) and pyruvate as the carbon source. No motility was observed in the stab-tubes, and no flagella were observed in micrographs. Log-phase cells grown in sRB2 stained with the Remel Flagella Stain (Thermo Scientific) and examined under oil-immersion light microscopy did not appear to have flagella. However, analysis of the genome of strain TR3.2 T indicated a complete set of genes required for assembly of a flagellum [22] . Expression of flagella by strain TR3.2 T therefore may be possible under some conditions, but was not observed under those tested here. Strain TR3.2 T colonies on sRB2 plates with pyruvate were small (0.50-0.75 mm in diameter), circular, with a convex elevation and were yellow-orange in colour.
Metabolism of a variety of carbon substrates was tested using the Biolog GN2 Microplate. For each plate, cells were grown in liquid sRB2 medium amended with pyruvate and washed three times in PBS (pH 7.5) before being resuspended in Biolog GN/GP Inoculating Fluid as per the manufacturer's instructions. The microplates were incubated overnight at 30 C and scored through visual examination in comparison to the no-carbon control. In triplicate tests, the only substrates that strain TR3.2
T actively metabolized were a-ketobutyric acid, methyl pyruvate, mono-methylsuccinate and a-ketovaleric acid. The other 91 substrates, including a variety of sugars, other organic acids, nucleosides and amino acids, were not metabolized.
Utilization of nitrogen sources was tested by substituting either 5 mM KNO 3 or NH 4 Cl for NH 4 NO 3 in sRB2 liquid medium. Strain TR3.2 T displayed growth on pyruvate as a carbon source with both nitrogen sources tested. Nitrate reduction was evaluated using the culture grown in sRB2 medium substituted with 5 mM KNO 3 . No nitrate reduction to nitrite beyond what was required for assimilation and growth was observed. Starch hydrolysis and cellulase activity were evaluated by supplementing sRB2 plates with either starch (10 g l À1 ) or cellulose (1 g l À1 ) (adapted from Kasana et al. [23] ). Protease activity was tested by aseptically adding a filter-sterilized skimmed milk solution (10 % skimmed milk powder dissolved in distilled water) to sRB2-agar after autoclaving. Plates were incubated at 30 C for 4 weeks and monitored for zones of clearing; for starch and cellulose plates, Gram's iodine was also added at the end of the incubation to help detect zones of clearing. Gelatin hydrolysis was assessed using a nutrient gelatin stab method wherein powdered gelatin (120 g l
À1
) was added to sRB2, gently heated to dissolve and aliquoted into 5 ml tubes. Gelatin tubes containing TR3.2
T were incubated at 30 C and monitored for liquefaction of the medium. Strain TR3.2 T was negative for starch hydrolysis, cellulase, skimmed milk protease and gelatinase activities.
Strain TR3.2
T was tested for catalase activity by adding 3 % (v/v) hydrogen peroxide solution to cells freshly scraped from the surface of a sRB2 plate. Oxidase activity was determined by adding a few drops of freshly prepared 1 % N¢,N¢,N¢, N¢-tetramethyl-p-phenylenediamine dihydrochloride (Acros Organics) to cells scraped from the same plate onto filter paper. Strain TR3.2 T was catalase and oxidase positive.
Lipase activity was assessed by adding tributyrin (98 %; Acros Organics) to sRB2-agar (1 %, v/v). Urease activity was determined using a medium prepared with the sRB2 phosphate buffer with urea as a nitrogen source (20 g l
À1
) and phenol red (10 mg l
) in addition to the standard concentrations of MgSO 4 , CaCl 2 , trace element solution and vitamin B12 solutions with pyruvate as a growth substrate. Strain TR3.2 T was positive for lipase activity and negative for urease activity.
Indole production was tested by supplementing sRB2 medium with tryptone (10 g l À1 ). After growth to turbidity, a few drops of Kovac's reagent were added to each tube. The lack of a colour change indicated no production of indole by strain TR3.2 T . Production of indigo from exogenous indole was assessed by adding a crystal of indole to the lids of inverted Petri plates containing sRB2-pyruvate medium 24 h after inoculation. Indigo production from indole is indicative of activity for some ring-hydroxylating dioxygenases involved in the initial step in the aerobic degradation of PAHs [24, 25] . A purple colour developed by colonies on the plate after exposure to indole confirmed the likely presence of an active ring-hydroxylating dioxygenase.
Growth of strain TR3.2 T on select PAHs as sole sources of carbon and energy was tested in sRB2 medium amended with individual PAHs (final concentration 0.2 g l
). PAHs were added to tubes in either acetone or dichloromethane and the solvent allowed to evaporate prior to adding the remaining medium components. After autoclaving, the tubes were briefly placed in an ultrasonic water bath to disperse PAH crystals before washed TR3.2 T cells grown in sRB2-pyruvate were inoculated in triplicate tubes for each PAH and incubated at 30 C at 225 r.p.m. for up to 42 days. As spectrophotometric measurements of turbidity were not possible due to the presence of PAH crystals in the medium, growth of TR3.2 T on PAHs was defined by both protein accumulation and disappearance of the parent compound. Protein concentrations were calculated from aliquots of culture approximately every 48 h using a Pierce BCA Protein Assay according to the manufacturer's instructions (ThermoFisher Scientific). Disappearance of each PAH was determined using a liquid-liquid extraction with an equal volume of n-hexanes and quantification using a HPLC system with fluorescence detection as previously described [26] and compared to similarly extracted uninoculated tubes with PAH added. For all substrates except naphthalene, this method was able to quantify PAH concentration; naphthalene presumably volatilized from the tubes during either the incubation or extraction. Removal of pyrene (33 % of the initial mass), phenanthrene ( Growth on BTEX compounds was investigated by creating an atmosphere in separate, tightly sealed metal containers of either benzene (99 %), toluene (99.8 %), ethylbenzene (99.8 %) or xylenes [o-xylene (98.5 %), m-xylene (99 %), pxylene (99 %), in equal volumes] by adding 0.5 ml of the chemical(s) to a piece of filter paper in a glass beaker. Inoculated sRB2-agar plates without amended carbon were incubated in sealed containers at room temperature for 1 month and compared to concurrent plates incubated outside the closed systems with and without additional carbon sources. Strain TR3.2 T did not display growth on any of the tested BTEX compounds under these conditions. Cellular fatty acid profiling was performed using the Sherlock Microbial Identification System by Microbial ID on cells freshly grown on sRB2 plates with pyruvate [28] . The dominant fatty acids in TR3. T were diphosphatidylglycerol, phosphatidylmethylethanolamine, phosphatidylethanolamine, phosphatidylglycerol and phospholipids (Fig. S1 , available in the online Supplementary Material). Also present in minor amounts were lipid, phosphoglycolipid and unidentified pigments. Respiratory quinones present were Q7 (9 %), Q8 (90 %) and Q9 (1 %).
The genome of strain TR3.2 T was acquired and annotated as described previously [22] . The genome was a singular, circular chromosome of 3 243 537 bp with a G+C content of 67.79 mol%. No extrachromosomal elements were detected. Annotation predicted 3114 total genes with 3054 protein coding genes, a single rRNA gene operon and 45 tRNAencoding genes [22] . The complete 16S rRNA gene of strain TR3.2
T was compared to publicly available sequences using BLASTN of the non-redundant GenBank database in separate searches including and excluding environmental sequences. Some of the closest described relatives to TR3.2 T based on 16S rRNA gene similarity (Fig. 2) were M. capsulatus strain Bath (90.5 % similarity) [17] , M. capsulatus strain ATCC 19069 T (strain Texas; 90.2 %), 'Thioalkalivibrio sulfidophilus' strain HL-EbGr7 (90.1 %) [32] and Inmirania thermothiophila strain S2479 T (90.3 %) [33] . An estimate of DNA-DNA hybridization using the complete genome of strain TR3.2 T compared to those of M. capsulatus Bath and 'Thioalkalivibrio sulfidophilus' HL-EbGr7 with the genometo-genome distance calculator [34] predicted a DNA-DNA hybridization value of 18.5 % to both organisms using the recommended formula. Based on the complete 16S rRNA gene, the naive Bayesian classifier of the Ribosomal Database Project [35] indicated that the highest taxonomic level that TR3.2 T could reliably be grouped in with confidence (confidence threshold >80 %; training set 16, released June 2016) was the class Gammaproteobacteria. Within the Gammaproteobacteria, strain TR3.2
T was equally dissimilar to described bacteria within the orders Methylococcales and Chromatiales. Bootstrapping with multiple algorithms did not reliably cluster strain TR3.2
T with members of either order, so its phylogenetic position within the Gammaproteobacteria is uncertain.
Despite the lack of phylogenetic similarity to any characterized bacteria, large numbers of 16S rRNA gene sequences with high similarity (>97 %) to strain TR3.2 T have been recovered from a variety of environmental sources (Fig. S2) . Many of those studies, including those involving SIP of PAH-contaminated soils within our research group, investigated the diversity of communities in which the sample medium was impacted by petroleum or hydrocarbon contamination [7-9, 11, 12, 36] . The prevalence of environmental sequences closely related to strain TR3.2 T in similarly contaminated but geographically separated samples suggests a potential widespread association of PG2-type organisms with the degradation of those compounds.
In addition to phylogenetic dissimilarity to the most closely related and characterized bacteria, strain TR3.2 T was also physiologically differentiated from those organisms. Members of the order Methylococcales, which includes the genera Methylococcus, Methylocaldum and Methyloparacoccus, are obligate users of C 1 compounds for carbon and energy [37, 38] . This is in stark contrast to the complex aromatics and organic acids that strain TR3.2 T can use as growth substrates. Additionally, no obvious homologues of particulate methane monooxygenase genes, common among methanotrophic members of the Methylococcales, appear in the annotated TR3.2 T genome. Strain TR3.2 T is also physiologically distinct from genera within the order Chromatiales. Members of the genus Thioalkalivibrio are obligate chemolithoautotrophs and grow optimally at high pH [39] . While isolated under mesophilic and low salinity conditions, Thiocystis organisms grow optimally in anoxic or microoxic conditions either photolithotrophically or chemoautotrophically [40] . Inmirania thermothiophila is a facultatively anaerobic autotroph that grows optimally at high temperatures and salinity [33] . Members of the genus Nitrosococcus are marine, ammonia-oxidizing chemolithotrophs [41, 42] . While some Sedimenticola strains are capable of growth on aromatic compounds, they are also strict anaerobes that use selenium or nitrogen oxyanions as electron acceptors [43] . Thioprofundum species are thermophilic, piezophilic chemolithoautotrophs isolated from deep-sea hydrothermal vents [44, 45] .
On the basis of distinct physiological, phylogenetic and environmental habitat differences to cultivated and characterized bacterial relatives, the novel genus and species Immundisolibacter cernigliae gen. nov., sp. nov. is proposed for this organism, with TR3.2 T as the type strain. Due to the physiological and phylogenetic dissimilarity to organisms within described orders of the class Gammaproteobacteria, we also propose a novel order and family of which strain TR3.2 T is currently the sole member, and would thus be designated Immundisolibacterales ord. nov. and Immundisolibacteraceae fam. nov., respectively.
DESCRIPTION OF IMMUNDISOLIBACTER GEN. NOV.
Immundisolibacter (Im.mun.di.so.li.bac¢ter. L. adj. immundus unclean, impure; L. n. solum soil; N.L. n. bacter rod; N. L. masc. n. Immundisolibacter a rod from unclean soil). Thioprofundum lithotrophicum 106 T (AB468957) Fig. 2 . 16S rRNA gene neighbour-joining phylogenetic tree of strain TR3.2 T with 16S rRNA gene sequences of the most similar cultivated and described strains. Sequences were aligned and the neighbour-joining tree created using CLUSTALX 2.1 [46] and without considering positions with gaps. The maximum-parsimony tree was determined using the PAUP [47] implementation within Geneious 9.1.3 [48] and the same alignment file generated for the neighbour-joining tree. Bootstrap values for neighbour-joining and maximum-parsimony algorithms are presented as a percentage of 1000 iterations above and below nodes, respectively. GenBank accession numbers are presented in parentheses. The order and family of cultivated strains are indicated on the right side. Pseudomonas putida strain IAM 1236 (accession no. D84020) was used as an outgroup (not shown). Bar, 0.01 substitutions per nucleotide position.
Cells are Gram-negative, non-motile and grow aerobically. Catalase and oxidase positive. Heterotrophic growth occurs on a limited number of organic acids. Predominant fatty acids are C 17 : 0 cyclo, C 16 : 0 and summed feature 3 (C 16 : 1 !7c or C 16 : 1 !6c). The major polar lipids are diphosphatidylglycerol, phosphatidylmethylethanolamine, phosphatidylethanolamine, phosphatidylglycerol and phospholipids. The major respiratory quinone is Q8. Phylogenetically, the genus is a member of the class Gammaproteobacteria. The type species is Immundisolibacter cernigliae.
DESCRIPTION OF IMMUNDISOLIBACTER CERNIGLIAE SP. NOV.
Immundisolibacter cernigliae (cer.nig¢li.ae. N.L. gen. n. cernigliae named after the prominent researcher of PAHdegrading bacteria Carl Cerniglia).
Cells are coccobacilli approximately 0.56Â0.35 µm. Colonies on solid medium are small, convex and circular with a yellow-orange colour. Growth occurs aerobically between 20 and 36 C (optimum between 28 and 30 C), pH 6.5-8.0 (optimum 7.0) and at salinity 1 % (optimum 0 %). Growth was not observed under anaerobic conditions. Cells can metabolize a-ketobutyric acid, methyl pyruvate, monomethyl-succinate and a-ketovaleric acid and can grow on polycyclic aromatic compounds as sole sources of carbon, and both nitrate and ammonia as nitrogen sources. Cells are negative for gelatin hydrolysis, cellulase, skimmed milk protease, starch hydrolysis, dissimilatory nitrate reduction and urease, and positive for lipase activity. In addition to those listed in the genus description, fatty acids present in lesser amounts are C 19 : 0 cyclo !8c and C 12 : 0 3-OH. In addition to the major respiratory quinone, Q7 and Q9 are also present. Polar lipids are consistent with the genus.
The type strain, TR3.2 T (=ATCC TSD-58 T =DSM 103040 T ), was isolated from PAH-contaminated soil from Salisbury, NC, USA. Genomic G+C content is 67.79 mol%.
DESCRIPTION OF IMMUNDISOLIBACTERACEAE FAM. NOV.
Immundisolibacteraceae (Im.mun.di.so.li.bac.ter.a.ce¢ae. N. L. masc. n. Immundisolibacter type genus of the family; N.L. suff. -aceae ending denoting a family; N.L. fem. pl. n. Immundisolibacteraceae the family of Immundisolibacter).
Description is the same as for the genus Immundisolibacter. The type genus is Immundisolibacter.
DESCRIPTION OF IMMUNDISOLIBACTERALES ORD. NOV.
Immundisolibacterales (Im.mun.di.so.li.bac.ter.a¢les. N.L. masc. n. Immundisolibacter the type genus of the order; N.L. suff. -ales ending denoting an order; N.L. fem. pl. n. Immundisolibacterales the order of Immundisolibacter).
Order of the class Gammaproteobacteria. Segregation of this genus into a new order is justified by its phylogenetic distance and physiological differences from organisms in the most closely related extant orders. Organisms within the order are Gram-type negative with aerobic growth under mesophilic temperature, neutral pH and low salinity conditions. The type genus is Immundisolibacter.
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